Despite decades of research, the structure-activity relationship of nitrogenase is still not understood. Only recently was the full molecular structure of the FeMo cofactor (FeMoco) revealed but the charge and metal oxidation states of FeMoco have been controversial. With the recent identification of the interstitial atom as a carbide and the more recent revised oxidation state assignment of the molybdenum atom as Mo(III), here we revisit the Mössbauer properties of FeMoco. By a detailed error analysis of DFT-computed isomer shifts and computing isomer shifts relative to the P-cluster, we find that only the charge of [MoFe 7 S 9 C] 
Introduction
Molybdenum-dependent nitrogenase is a complex enzyme that catalyzes the formation of ammonia through the electrochemical reduction of molecular nitrogen at ambient temperature and pressure, utilizing eight electrons, eight protons and 16 MgATP molecules. Unraveling the structural and mechanistic details of how nature activates the strong bond of dinitrogen is of fundamental importance and this knowledge could ultimately aid in the design of electrocatalysts for N 2 reduction. The molybdenum-iron component (MoFe) of nitrogenase has two types of complex metal clusters, the "P-cluster" and the FeMo cofactor (FeMoco).
The P-cluster appears to serve as an electron transfer site, while FeMoco is generally agreed to be the site of dinitrogen reduction. The FeMo cofactor consists of 7 irons, 1 molybdenum, 9 sulfides and an interstitial light atom that was recently identified as carbon by X-ray Emission Spectroscopy(XES), 1 
Electron Spin Echo Envelope Modulation (ESEEM)
and high resolution crystallography. 2 With the identity of the interstitial atom clear, the basic molecular structure of the cofactor can at last be considered complete. However, questions remain about the resting form of the enzyme, namely the total charge of the cofactor, metal oxidation states and the electronic structure. This information is essential for any informed discussion of the molecular level mechanism of dinitrogen reduction. In the present study, we focus on the cofactor charge, a question directly related to the question of metal oxidation states in the cofactor.
The charge of FeMoco was determined to be negative according to electrophoresis, 3 DEAE binding studies 4 and counterion chromatography. 5 The first Mössbauer studies of the cofactor were inconclusive regarding the number of Fe atoms and Fe oxidation states.
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Following the first crystal structure of MoFe protein in 1992, 9 but prior to the interstitial atom discovery in 2002, 10 several studies proposed charge and oxidation state assignments of FeMoco. In our recent paper, 11 we gave a brief history of the oxidation state assignment of molybdenum, highlighting how prior to our study it had almost exclusively been assigned as Mo(IV), since 95 Mo ENDOR studies from the 1980s. [12] [13] [14] This assignment has, as it turns out, directly a↵ected many Fe oxidation state assignment studies, as the total d-electron count of the cofactor is chosen to be consistent with the experimental spin state of S=3/2.
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The 1997 study by Ho↵man et al. 16 employed 57 Fe Electron Nuclear Double Resonance (EN-DOR) spectroscopy to assign Fe oxidation states, assumed Mo(IV) on the basis of previous 95 Mo ENDOR results and suggested a Mo(IV)6Fe(II)1Fe(III) assignment (a d-electron count of 43). The electronic structure was suggested to consist of a delocalized Fe(2.5)-Fe(2.5) pair and 5 Fe(II). A magnetic Mössbauer spectroscopy study by Münck et al. 17 from 2000 was able to identify all seven irons in FeMoco, giving both isomer shifts, quadrupole splittings and hyperfine coupling parameters, see Table 1 . The molybdenum atom was assumed to be Mo(IV) on the basis of the ENDOR results and the authors assigned the iron atoms as 4Fe(II) and 3Fe(III). As this study was performed prior to the interstitial atom discovery, it seems that this incomplete structure (no interstitial atom present) as well as the assumption of Mo(IV) directly influenced the analysis. In later work by Vrajmasu et al. 18 DFT calculations of isomer shifts were performed, however, the molybdenum atom was not included in the DFT calculations.
The computational study by Szilagyi et al. 19 was the most recent computational study to discuss the cofactor charge question in detail. Many di↵erent computational models of FeMoco with di↵erent charge and interstitial atoms were compared to experimental data on spin states, geometries, Mössbauer isomer shifts and iron hyperfine coupling constants. The computational model that showed the best fit to experimental data was found to contain carbon (as is now confidently known), but the oxidation state assignment was curiously found to be 2Fe(II)5Fe(III)Mo(IV) (d-electron count of 39), a more oxidized FeMoco model than previous proposals. In particular, the comparison of computed and experimental Mössbauer isomer shifts suggested the more oxidized cofactor to be the correct charge state.
X-ray spectroscopy has played an important role in recent years in uncovering the molec- 
Computational details
All DFT computations were carried out using the ORCA program, version 3.0.3. on all other atoms. Scalar relativistic e↵ects in the Mössbauer isomer shift calculations were accounted for using the second-order Douglas-Kroll-Hess approximation. Localized orbitals were calculated using the Pipek-Mezey scheme. 33 The protein-bound FeMoco cluster was approximated as a large 225 atom cluster previously described.
includes part of the protein environment and crystallographically resolved water molecules from the 2011 X-ray structure by Einsle et al. and was calculated in the 3 charge states ([MoFe 7 S 9 C] n n=-3,-1,+1), currently proposed in the literature. Broken-symmetry solutions of FeMoco were found by first converging to high-spin SCF solutions (M S =33/2, M S =35/2, M S =37/2 for charges n=-3,-1,+1 ) and then performing spin flips on selected atoms and converging to broken-symmetry states of a particular M S value. Both X-ray crystal structure geometries were used as well as geometries optimized at the TPSSh level on the brokensymmetry surface using appropriate constraints (all non-covalently bound protein residues were fixed at X-ray crystal structure positions except for hydrogen atoms). 
Results and discussion
Broken-symmetry states of FeMoco
The well-known BS-7 solution of FeMoco has been shown by many groups 19,34-37 to be the energetically most stable according to DFT calculations (maximizing antiferromagnetic coupling appears to be the main reason for its stability). However, it is rarely discussed that there are three equivalent BS determinants of nearly the same energy for this state that are obtained by flipping the spins of equivalent iron atoms in the structure (resulting in di↵erent spin alignment in the asymmetric protein environment). We refer to these three di↵erent solutions as "spin-isomers", as previously discussed by Noodleman et al. 34, 38, 39 , and label them BS7-235, BS7-346 and BS7-247 with the last 3 numbers referring to the Fe atom numbers of the X-ray crystal structure with "down" spin. While the energy di↵erences between these spin isomers are predicted to be small at the TPSSh level (⇡ 1 kcal/mol for both crystal structure and for optimized structures; we note that this energy di↵erence is probably functional dependent) and the electronic structure is essentially the same; this also means that Fe(2.5)-Fe(2.5) delocalized pairs (that are ferromagnetically aligned) will be on di↵erent atoms for the di↵erent spin isomers. The delocalized pairs as well as local Fe(II) and Fe(III) sites will obviously be sensitive to the geometry used (particularly FeFe distances). Hence when doing single-point property calculations on the X-ray crystal structure, it becomes necessary to consider all 3 spin isomers. The structure of FeMoco from the crystal structure could correspond to the electronic state that is approximately described by one of these BS determinants but could possibly also represent the average of all 3 of them. It remains also to be seen how a multiconfigurational wavefunction description of FeMoco di↵ers from a broken-symmetry DFT description.
Accounting for these broken-symmetry spin isomers is not as crucial, however, when employing an optimized structure as the structure has then relaxed with respect to the spin alignment of the chosen BS determinant. The optimized structures in the next sections all used the BS7-235 solution (TPSSh-optimized) while we considered all 3 spin isomer solutions for the calculations on the crystal structure (see Results section 3.4). Figure S1 in the supporting material shows a geometric comparison of the crystal structure and the BS7-235 TPSSh-optimized structure. In order to explore the e↵ects of calibration on computed FeMoco isomer shifts, new calibrations were created, using the compounds from the Römelt study and a test set of iron-sulfur compounds compiled from a a study by Noodleman et al. 41 and Szilagyi et al 19 .
The details are provided in the supporting information. The B3LYP functional was used in all calculations of this section, however, the functional dependence of the results is discussed in the next section.
Shown in Table 2 and a calibration determined using the combined Römelt + Iron-sulfur test set (Calibration 2). As can be seen in Table 2 , we obtain considerably di↵erent numbers depending on Analyzing the behavior of the isomer shift error for di↵erent charge models with respect to the calibration may perhaps be used to suggest one charge model over the others.
[MoFe 7 S 9 C] 1-is closest to experiment when employing Calibration 2 (the whole test set) and These results serve primarily as a cautionary note for using computed absolute isomer shifts from DFT calculations without paying attention to the calibration used. This strong calibration dependence of the results is unfortunate and arises due to the limited size and composition of the training set, but also perhaps due to Mössbauer data from di↵erent sources and the lack of an explicit crystal environment in the computations. We suggest future Mössbauer isomer shift calibration and benchmarking studies to employ even larger tests sets than previously have been used, to perhaps account better for environmental effects and to avoid bias towards a class of compounds as much as possible. 
Computing relative isomer shifts with respect to the P-cluster
We want to present a more persuasive argument for the FeMoco charge based on the Möss-bauer analysis. In fact the goal of our study is not to compute absolute Mössbauer isomer shifts to the highest accuracy but to use the Mössbauer isomer shifts to di↵erentiate between charge models of FeMoco. Varying the calibration used, only has the e↵ect of shifting the systematic errors present in the calculation. This systematic error, however, can be e↵ectively removed by employing an internal reference instead, i.e. focus on the relative isomer shift of FeMoco with respect to some other Fe compound in the protein with known charge. For FeMoco, an obvious internal reference, comes to mind, namely the P-cluster. 
E↵ect of geometry
The analysis presented in the previous section relied on the use of DFT geometry optimizations for the FeMoco structures (optimized for each charge state separately), the P-cluster and also all molecules used in the calibration training set. This approach is used in order to minimize artifacts due to static and dynamic disorder present in crystal structures and is the only way of presenting the results on an equal footing. For completeness, however, we also present the Mössbauer results when using the most recent X-ray crystal structure of FeMoco and P-cluster (from the 2011 structure of MoFe protein by Spatzal et al. with 1.0Ångstrom resolution) for the Mössbauer calculations (all hydrogens positions were optimized). Figure   S1 in the supporting materials gives a geometric comparison of the crystal structure and the TPSSh-optimized structure. There are clear similarities between the structures but also many notable small di↵erences in the Fe-Fe and particularly Mo-Fe bond lengths.
The Mössbauer isomer shift results for the X-ray structure are presented in Figure 3 and were calculated using Calibration 3 and using all 3 broken-symmetry spin isomers (BS7-235,BS7-346,BS7-247), as previously discussed. The results show that the relative isomer shifts can be quite sensitive to the spin alignment but it seems di cult to determine whether the FeMoco crystal structure corresponds to a specific spin isomer.
The Mössbauer isomer shifts (mm/s) relative to the P-cluster mean at the BP86, TPSSh and B3LYP levels of theory on the X-ray crystal structure geometry (both FeMoco and Pcluster). For each charge, 3 di↵erent spin isomers were calculated; the last 3 numbers in the label refer to which Fe atoms in the model are spin-down (crystal structure numbering). Calibration 3 was used for all these calculations. malization group method (DMRG), [44] [45] [46] [47] we anticipate a more rigourous understanding of the spin coupling of FeMoco to become available in the future. Nonetheless, our DFT calculations on FeMoco can be expected to describe aspects of the electronic structure accurately, such as the charge distribution and valence electronic structure. This is highlighted by the previously obtained good agreement between the DFT-optimized FeMoco structures and the calculated XAS/XES spectra.
11,48,49
Here, we analyze the the electronic structure of FeMoco with the help of localized orbitals that we previously applied in our study of the molybdenum oxidation state in FeMoco. maximizes antiferromagnetic coupling in the cofactor as has been discussed previously.
19,35
As previously discussed, this broken-symmetry solution has 3 spin isomers with analogous electronic structure. In the asymmetric protein environment, subtle di↵erences would arise (both in terms of geometry and electronic structure) and this aspect will be discussed in more detail in a future study. The discussion here (and Figure 4) applies to all spin isomers.
The broken-symmetry solution is typically not discussed in terms of the spin delocaliza- Figure S2 in the supporting material that also shows the amount of delocalization in the pairs for BP86, TPSSh and B3LYP methods.
The delocalization present in the cluster according to our DFT calculations appears at first to be at odds with the recent SpReAD measurements that show three of the Fe atoms in the cofactor (Fe1, Fe3 and Fe7) to be more reduced than the others and having similar absorption edges as the P-cluster, implying Fe(II) oxidation states. We note that the complex nature of the Fe K-edge rising edge energies, and the contributions of valence delocalization are not fully understood as discussed in a recent study. 
Synopsis
The charge assignment of the FeMo cofactor (FeMoco) of molybdenum-dependent nitrogenase has been unclear in the literature. By computing the isomer shifts by density functional theory for each charge and comparing to experiment, we were able to confidently assign the charge of the cofactor as [MoFe 7 S 9 C] 1-. Crucial to this work was to compute isomer shifts relative to the P-cluster (another iron-sulfur cluster in the protein) to reduce the systematic errors due to calibration.
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